The source and dynamics of persistent HIV-1 during long-term combinational antiretroviral therapy (cART) are critical to understanding the barriers to curing HIV-1 infection. To address this issue, we isolated and genetically characterized HIV-1 DNA from naïve and memory T cells from peripheral blood and gut-associated lymphoid tissue (GALT) from eight patients after 4-12 y of suppressive cART. Our detailed analysis of these eight patients indicates that persistent HIV-1 in peripheral blood and GALT is found primarily in memory CD4 + T cells [CD45RO + /CD27(
)]. The HIV-1 infection frequency of CD4 + T cells from peripheral blood and GALT was higher in patients who initiated treatment during chronic compared with acute/early infection, indicating that early initiation of therapy results in lower HIV-1 reservoir size in blood and gut. Phylogenetic analysis revealed an HIV-1 genetic change between RNA sequences isolated before initiation of cART and intracellular HIV-1 sequences from the T-cell subsets after 4-12 y of suppressive cART in four of the eight patients. However, evolutionary rate analyses estimated no greater than three nucleotide substitutions per gene region analyzed during all of the 4-12 y of suppressive therapy. We also identified a clearly replicationincompetent viral sequence in multiple memory T cells in one patient, strongly supporting asynchronous cell replication of a cell containing integrated HIV-1 DNA as the source. This study indicates that persistence of a remarkably stable population of infected memory cells will be the primary barrier to a cure, and, with little evidence of viral replication, this population could be maintained by homeostatic cell proliferation or other processes. C ombinational, antiretroviral therapy (cART) effectively suppresses but does not eradicate HIV-1 infection (1). Persistent low-level HIV-1 can still be detected in plasma (2-7) and cellular reservoirs (8) (9) (10) even after several years of suppressive cART, and cessation of current treatments invariably results in resumption of viral replication. Resting-memory CD4 + T cells are a well-defined reservoir of HIV-1, and the reservoir is established when an activated CD4 + T cell becomes infected by HIV-1 but transitions to a resting state (9) or perhaps when resting cells are infected directly (11) (12) (13) . Central and transitional memory T cells have recently been identified as major contributors to the HIV-1 reservoir in the memory T-cell population (14) . Naïve T cells have also been demonstrated to contain HIV-1 DNA in patients on suppressive therapy, although at a lower infection frequency than the memory T-cell population (15) . In addition, many other cell types, including monocyte/macrophages, have been proposed to play a role in HIV-1 persistence (reviewed in ref. 16 ). These long-lived HIV-1-infected cells have been detected in peripheral blood. Several studies, however, suggest that the reservoir is largely established and maintained in lymphoid tissues, and that the infected cells circulating in blood may not be representative of the population of infected cells in tissue. For example, the majority of lymphocytes are sequestered in the gastrointestinal tract, and gutassociated lymphoid tissue (GALT) has been shown to be a major viral reservoir in patients on suppressive antiretroviral therapy (17) (18) (19) (20) (21) (22) .
In addition to the persistence of long-lived, latently infected cells, low-level viral replication has been proposed as a mechanism that maintains HIV-1 during cART. If complete viral replication cycles persist, despite suppressive antiretroviral therapy, this would lead to de novo cellular infection and a constant replenishment of the viral reservoir. Investigations into whether HIV-1 replication continues during suppressive therapy have been carried out with peripheral blood and GALT samples but have led to potentially contradictory results. Some studies have found an absence of genetic evolution in viral reservoirs (23) (24) (25) (26) (27) (28) (29) and no reduction of plasma RNA during intensification of cART
Significance
Identifying the source and dynamics of persistent HIV-1 during combinational antiretroviral therapy (cART) is crucial for understanding the barriers to curing HIV infection. Through genetic characterization of HIV-1 DNA in infected cells from peripheral blood and gut-associated lymphoid tissue from patients after long-term suppressive cART, our study reveals that the primary barrier to a cure is a remarkably stable pool of infected memory CD4 + T cells. Through in-depth phylogenetic analyses, we determined that the HIV-1 reservoir in these cells from eight patients is kept stable during long-term cART and, with little evidence of viral replication, this population could be maintained by homeostatic cell proliferation or other processes. (30, 31) , suggesting that cART is effective in preventing viral replication in these anatomical sites. In contrast, increased numbers of 2-long terminal repeat circles in peripheral blood mononuclear cells and decreased amounts of unspliced HIV-1 RNA in CD4 + T cells isolated from the terminal ileum have been reported during raltegravir intensification, supporting the concept that some viral replication can occur despite suppressive cART (32, 33) . Thus, the role of on-going replenishment via cycles of replication as a cause of persistence is not fully understood.
To investigate the source and dynamics of HIV-1 reservoirs in peripheral blood and GALT, we sorted and genetically characterized intracellular HIV-1 from subsets of memory T cells, naïve T cells, and myeloid cells from these two compartments from eight patients who had been on suppressive therapy with undetectable viral loads (<40-75 copies/mL) for 4-12 y: five who initiated therapy during acute/early infection and three who initiated therapy during chronic infection. Our aim was to investigate the nature of the infected cell population during cART and explore the role of HIV-1 replication, as reflected by nucleotide sequence substitutions in maintaining this reservoir. Our study revealed that both memory T cells and naïve T cells harbor HIV-1 DNA after long-term suppressive therapy, and the infection frequency of these T cells was higher in patients treated during chronic infection compared with patients treated during early infection. In-depth phylogenetic analysis revealed little or no change in viral structure or divergence over time within the viral sequences isolated from the different T-cell populations compared with sequences isolated from plasma collected just before initiation of cART, indicating lack of on-going replication during long-term suppressive therapy.
Results

Higher Infection Frequency in Cells Isolated from Patients Treated During Chronic Infection Compared with Patients Treated During
Acute/Early Infection. To assess the frequency of infected cells in peripheral blood and GALT in patients on suppressive therapy, we sorted different cell types from these compartments from eight patients on long-term suppressive antiretroviral therapy, five of whom initiated therapy during acute/early infection (1-3 mo of infection before initiation of therapy, patients 1-5) and three who initiated therapy during chronic infection (>1 y of infection before initiation of therapy, patients 6-8) (Table 1) . We sorted central/transitional and effector memory T cells, naïve T cells, and myeloid cells from peripheral blood and GALT based on their specific cellular phenotypes (Fig. S1) . We included more patients treated during acute/early infection (when their HIV-1 populations are homogeneous) as this allows us to genetically characterize HIV-1 populations after passing through different selective pressures related to cell type and tissue type. Due to the fact we are analyzing HIV-1 DNA extracted from infected cell lysates, we cannot distinguish whether the HIV-1 DNA under analysis is integrated, linear, or circular, and whether it will produce replication-competent virus. However, recent studies have shown that after 1 y of suppressive therapy, the majority of intracellular HIV DNA is integrated into the cellular genome and that total DNA and integrated DNA measurements are equivalent (34) .
For each peripheral blood sample, specific CD4 + T-cell subsets were sorted based on their cellular phenotypes until at least 200,000-1,000,000 cells of each T-cell subtype were collected. After these cells were sorted, the remaining memory T cells were sorted together (combining central/transitional and effector). We then conducted single-HIV-1 DNA sequencing on specific numbers of each cellular subset and estimated the HIV-1 infection frequency in each cell type using a maximum likelihood (ML) statistical analysis. When specific T-cell subsets were analyzed from peripheral blood, we found that the central/transitional memory and effector memory cells had a geometric mean HIV-1 infection frequency of 0.002% and 0.009%, respectively, in patients treated during acute/early infection (patients 1-5). The same two CD4 + T-cell subsets had a geometric mean HIV-1 infection frequency of 0.04% and 0.02%, respectively, in those treated during chronic infection (patients 6-8) ( Table 2 , columns 1-4). The infection frequencies for peripheral blood central/transitional memory cells were 16-fold higher in the patients who were treated during chronic infection, whereas the infection frequency for peripheral blood effector memory cells was twofold higher in those treated during chronic versus acute/early infection (Table S1 ). HIV-1-infected peripheral blood naïve T cells were found in seven of the eight patients (patients 2-8) with a frequency of infection ranging from 0.0001% to 0.002% in patients 2-5 and from 0.002% to 0.04% in patients 6-8 ( Table 2 , columns 7 and 8). This equated to an 11-fold higher HIV-1 infection frequency of the naïve T cells isolated from the patients treated during chronic infection compared with patients treated during acute/early infection (P = 0.05, likelihood ratio test, Table S1 ). When combining all T cells from peripheral blood, we found a ninefold difference in infection frequency between patients treated during early versus chronic infection (P = 0.023, likelihood ratio test, Table S1 ). In addition, we determined the percentage of the total viral reservoir in peripheral blood T cells contributed by different T-cell subsets. As shown in Table 3 , we found that the central/transitional memory T cells were the major component of the viral reservoir in all of the patients [mean percentage contribution = 56.3% (patients 2-8)], except for patients 6 and 7. In these two patients, the viral reservoir was found to persist predominantly in the naïve T cells (53.9%, patient 6) or effector memory T cells (67.6%, patient 7). The mean percentage for the effector memory T cells was 28.5% and for naïve T cells 15.2% (patients 2-6, Table 3 ). We performed similar studies using GALT. We collected a total of 1,000-160,000 cells of the same CD4 + T-cell populations in samples from GALT and found a geometric mean HIV-1 infection frequency of central/transitional memory T cells of 0.008% and 0.04% for patients treated in acute/early versus chronic infection, respectively. The geometric mean HIV-1 infection frequencies of effector memory T cells from GALT were 0.03% and 0.15% in patients treated during acute/early and chronic infection, respectively (Table 4 , columns [1] [2] [3] [4] . This equated to a fivefold higher frequency of infection in the central/transitional memory populations and a sixfold higher frequency of infection in the effector memory T-cell population in the patients treated during chronic infection compared with patients treated during acute/early infection (Table S1 ). The difference between infection frequencies for these two patient groups was statistically significant for the effector memory population (P < 0.0001, likelihood ratio test) but showed only a trend toward a statistically significant difference for the central/transitional memory population (P = 0.081, likelihood ratio test). In one patient treated during acute/ early infection and in all three patients treated during chronic infection, we isolated HIV-1-infected naïve T cells isolated from GALT. The infection frequency of naïve T cells from patients in which HIV-1 was detected in GALT ranged from 0.1% to 0.7% ( Table 4 , columns 5 and 6). In GALT, we also found a higher (fivefold) frequency of infection in the patients treated during chronic infection compared with the patients treated during acute/ early infection, when all T cells from this compartment were combined (P = 0.0004, likelihood ratio test, Table S1 ). The mean percentage contribution of each cell type to the total viral reservoir in GALT was 29.4%, 68.4%, and 2.2% in central/transitional and effector memory and naïve T cells, respectively (Table 3 , columns 5-7).
When comparing the HIV-1 infection frequency of T cells isolated from peripheral blood to GALT, we found a similar HIV-1 infection frequency of central/transitional and effector memory T cells from these two compartments. However, the infection frequency of naïve T cells from GALT was higher (nine times, all patients combined) compared with the infection frequency of these cells from peripheral blood (P = 0.001, likelihood ratio test, Table S1 ). When all T cells were combined, infection frequencies in T cells from GALT and peripheral blood were very similar.
As outlined above, when the contribution of each cell type to the overall reservoir was calculated, we found that most of the infection in blood was in central/transitional memory T cells (mean of 65% and 45% in patients treated during acute/early and chronic infection, respectively), whereas most of the infection in GALT was in effector memory T cells (mean of 68% and 69% in patients treated during acute/early and chronic infection, respectively).
T-Cell Receptors Found in Myeloid Cell
Lysates. Myeloid cells have been proposed as a possible HIV-1 reservoir in patients on suppressive therapy (35) (36) (37) . We sorted myeloid cells from both peripheral blood and GALT from the eight patients in this study. We detected HIV-1 DNA in peripheral blood myeloid cell preparations from three of the eight patients (2, 5, 6) and in GALT myeloid cell preparations from four of the eight patients (5) (6) (7) (8) . From patients 2, 5, and 6, we analyzed 1,866,667-4,065,801 myeloid cells from peripheral blood and found an HIV-1 infection frequency of 0.0001-0.0003% (Table 2 , columns 9 and 10). From GALT, we analyzed 3,467-12,110 myeloid cells (patients 5-8) and found an HIV-1 infection frequency of 0.008-0.03% (Table 4 , columns 7 and 8). To investigate the possibility of T cells in our sorted myeloid cell populations, we performed T-cell receptor (TCR) sequencing of the myeloid cell lysates found to harbor HIV-1 DNA. We identified TCRs in all of the samples where HIV-1 had been detected, indicating the presence of T cells (Fig.  S2) . We thus cannot rule out the possibility that the HIV-1 DNA found in the myeloid cell lysates actually came from infected T cells that remained in the sorted myeloid cells.
HIV-1 Populations from Plasma Collected Before Initiation of cART and Cells Isolated After Several Years of Suppressive Therapy Are
Phylogenetically Similar. We conducted phylogenetic analyses to evaluate the genetic relationships between the HIV-1 DNA sequences from infected cells from peripheral blood and GALT and HIV-1 from plasma isolated after 4-12 y of suppressive therapy to viral RNA isolated from plasma before initiation of therapy. ML trees were reconstructed for gag and pol [p6 through nucleotides 1-900 of reverse transcriptase (RT)] sequences from the different T-cell populations and pretherapy plasma RNA. Before the tree construction each alignment was analyzed for the presence of G-to-A hypermutated sequences. G-to-A hypermutated sequences have been subjected to hypermutation by the cellular antiviral protein APOBEC3G and are believed to occur during one single replication cycle rather than through gradual sequence evolution. Approximately 30% of all of the sequences from cells isolated on-therapy were shown to be hypermutated and were therefore excluded from further analysis. Sequences from all eight patient samples as well as standard laboratory viruses formed independent populations that were at least 5% different from one another on a phylogenetic tree, with no intermingling, demonstrating that the viral populations in these patients were genetically distinct. For all patients analyzed, the phylogenetic distribution of intracellular DNA sequences from CD4 + T cells in peripheral blood and GALT isolated after 4-12 y of suppressive therapy were similar to single-genome sequences derived from plasma virus RNA isolated before the initiation of antiretroviral therapy (subset of patients shown in Fig. 1 ). The intrapatient comparisons showed that all five patients who initiated therapy during acute/early infection had nearly monomorphic viral populations in both pretherapy plasma and cells isolated after 4-12 y of suppressive therapy ( Fig.  1 A and B exemplifies this point) . The homogeneity of viral sequences in patients treated during early infection contrasted with the higher level of diversity for sequences found in patients treated during chronic infection (examples shown in Fig. 1 C and D) . In addition, we found that the HIV-1 RNA isolated from plasma collected during suppressive therapy was phylogenetically similar to pretherapy plasma RNA as well as on-therapy intracellular DNA.
To further analyze the genetic relationships between the sequences isolated from plasma before initiation of therapy (pretherapy) and the sequences isolated from cells in peripheral blood and GALT after 4-12 y of suppressive cART (on-therapy) in more detail, we conducted compartmentalization tests [tree based, association index (AI) and distances based, Wright's measure of population subdivision (F ST )] to assess whether the HIV-1 populations are structured by the different time points when they were isolated (before initiation or after several years of therapy) (Table 5) . Hence, in this study, we have used compartmentalization tests to describe the genetic distance between two groups of sequences isolated at different time points rather than focusing on different tissue compartments. For sequences from patients where recombination was identified using a genetic algorithm for recombination detection (GARD), additional compartmentalization tests were performed for each nonrecombinant fragment (Table S2) . Apart from the analysis comparing pre-and ontherapy sequences, we also conducted the same analyses comparing pretherapy plasma samples obtained at two different times from patients 6 and 8. The results from these analyses, when the patients were not receiving cART, help us to better evaluate the results we find in the patients during suppressive antiretroviral therapy.
We started by conducting a phylogenetic association analysis, which gives an estimate of the degree of viral compartmentalization. An AI value of 1 implies that the clustering of HIV-1 sequences does not deviate from that expected from random compartment association, whereas an AI value closer to 0 implies a strict genetic structuring by compartment. In the AI analysis, only bootstrap values above 0.95 were considered as significant evidence for compartmentalization. In the pretherapy plasma samples from patients 6 and 8, the AI was 0.03 and 0.26, respectively (Table 5 , column 5). In contrast, the AI ranged from 0.61 to 1.00 in the patients treated during acute/early infection and from 0.50 to 0.79 in the patients treated during chronic infection. The high AI values between pre-and on-therapy sequences suggest random or nearly random clustering between HIV-1 RNA sequences from plasma isolated before initiation of therapy and HIV-1 DNA sequences from cells isolated from peripheral blood and GALT after several years of suppressive cART, indicating no genetic change during the years of therapy. We then conducted compartmentalization analysis using F ST , which compares the mean pairwise genetic distance between two sequences from different compartments (pretherapy and on-therapy) to the mean distance between sequences from the same compartment. As shown in column 7 of Table 5 , the F ST analysis showed statistically significant support for a genetic subdivision of sequences isolated before initiation and after several years of therapy in patients 2 and 6-8 (P ≤ 0.01) indicating a higher degree of structure than expected by chance for these patients. In addition, we detected evidence for compartmentalization in the nonrecombinant fragments for patient 1 (P = 0.02 and P = 0.04 for fragments 1 and 2, respectively), confirming that recombination can affect the power to detect compartmentalization (38) . However, the corresponding AI values indicate that the extent of compartmentalization in all of these patients is low (Table S2 , column 5).
Evidence Against Substantial HIV-1 Genetic Evolution During Suppressive
Therapy. The genetic similarity between HIV-1 populations in plasma before the initiation of cART and HIV-1 populations in infected cells isolated after 4-12 y of suppressive antiretroviral therapy implies that little change accumulated at the nucleotide level during therapy. To further evaluate the degree of viral evolution during suppressive cART in these eight patients, we investigated the correlation of genetic divergence and time between the two time points (from before initiation of antiretroviral therapy to after 4-12 y of suppressive therapy, as well as between the two pretherapy plasma samples from patients 6 and 8) using linear regression analysis (root-to-tip analysis as implemented in Path-O-Gen, Institute of Evolutionary Biology, Ashworth Laboratories; http://tree.bio.ed.ac.uk/). This analysis estimates the correlation between genetic divergence and time, based on the estimated phylogenetic tree. A large correlation between genetic divergence and time would indicate that viral evolution has occurred between the viral sequences isolated before the initiation of therapy and the viral sequences isolated after several years of suppressive therapy, supporting a model in which there are productive cycles of viral replication during treatment. For the two pretherapy samples from patients 6 and 8, the estimated R 2 was 0.8 and 0.2, respectively. Notably, in one of the nonrecombinant fragments for patient 8, the R 2 was 0.54 (Table S2 ). In contrast, for the samples from patients treated during early infection, the estimated R 2 between genetic divergence and time ranged from 0.0006 to 0.1. Similar results were obtained for the samples from patients treated during chronic infection (R 2 = 0.02-0.06) ( Table 5 , column 8).
As a final analysis of the dynamics of HIV-1 during suppressive antiretroviral therapy, we estimated the evolutionary rate (nucleotide substitutions per site per year) for the RNA sequences isolated from plasma before initiation of cART and the DNA sequences from cells sorted from peripheral blood and GALT after 4-12 y of suppressive therapy using Bayesian evolutionary inference [implemented in Bayesian evolutionary analysis sampling trees (BEAST)] (39). We also estimated the evolutionary rate for the two pretherapy plasma samples from patients 6 and 8. As shown in column 9 of Table 5 , we found a mean evolutionary rate of 7 × 10 −3 and 5 × 10 −3 nucleotide substitutions per site per year before these patients started therapy. These evolutionary rates in the two pretherapy samples are in agreement with other observations of HIV-1 evolutionary rates in absence of treatment (40) . For the patients treated during acute/early infection, the evolutionary rate between the pre-and on-therapy sequences ranged from 9 × 10 −6 to 1 × 10 −4 nucleotide substitutions per site per year, which equates to a mean of 0.0097-0.15 changes in the sequence region analyzed per year during suppressive cART (based on the 1,110-bp long gag-pol region that we sequenced). For the patients treated during chronic infection, the evolutionary rate was estimated to range from 2 × 10 −5 to 1 × 10 −4 nucleotide substitutions per site per year. This equates to a mean of 0.03-0.1 changes in the viral region analyzed per year during suppressive cART in the patients treated during chronic infection. Hence the viral evolution in the T cells analyzed from these eight patients was extremely low during the years of suppressive antiretroviral therapy.
Evidence for Clonal T-Cell Proliferation as a Cause of Persistence.
Interestingly, in samples from patient 7, who initiated therapy during chronic infection, we found identical clonal HIV-1 sequences in effector and all memory T cells isolated from peripheral blood. This clonal sequence contained a large 380-bp deletion (base pairs 2,177-2,236 in HXB2 genome) essentially eliminating the protease from this HIV-1 population, indicating that this viral population was not replication competent and must be the result of the expansion of cells containing this replication-incompetent HIV-1 population. In addition to patient 7, we also found several cells harboring identical sequences in the two other patients treated during chronic infection ( Fig. 1 C and D, red circles) .
Discussion
The mechanisms that account for HIV-1 persistence during cART remain incompletely understood. We therefore performed a detailed analysis of HIV-1 DNA in various cell populations (naïve, memory, and myeloid cells) in blood and GALT from individuals who started therapy during either acute/early or chronic infection. Consistent with earlier reports, we found that the majority of HIV-1 DNA in both tissues (peripheral blood and GALT) and both patient groups (acute/early and chronic) was detected in the memory CD4 + T-cell population and that the central/transitional memory population was the major contributor to the T-cell viral reservoir in peripheral blood (8, 9, 14) . In contrast, we found that the effector memory population was the major contributor to the HIV-1 reservoir in GALT. In addition to HIV-1 infection in memory T cells, we also detected HIV-1 in isolated naïve T cells from both peripheral blood and GALT, although at much lower frequencies. Despite the low infection frequency and the small percentage that this cellular subset contributes to the total viral reservoir, the long life span of naïve T cells suggest they may still be an important viral reservoir in patients on long-term suppressive cART (15, 41) . We found evidence that the HIV-1 infection frequencies of cells from peripheral blood were generally higher in patients who initiated therapy during chronic infection compared with patients who initiated therapy during acute/early infection, as has been observed by others (14, 42) , and extended these findings to confirm similar trends in GALT.
There were significant differences in the nature of the reservoir in blood and GALT. For example, although we found that the HIV-1 viral burden in the memory T-cell populations from GALT was similar to that in peripheral blood, the overall HIV-1 burden was more concentrated in central/transitional memory T cells in peripheral blood and effector memory T cells in GALT. The fact that we find effector memory T cells being the larger viral reservoir in GALT is consistent with higher frequency of infection and higher percentage of effector memory cells located in this anatomical site. However, due to limited availability of cells from GALT, our analyses were restricted to very few cells, and further confirmation of these findings is therefore required. When all cell types were combined, we did not find a statistically significant difference in infection frequency between GALT and blood (although the confidence interval included more than threefold differences in either direction). This result is in disagreement with earlier observations (17) but consistent with a study by Chomont et al. (14) .
In addition to T cells, monocytes/macrophages are believed to become infected in persons with HIV-1. The role these cells play in patients on suppressive cART is not fully understood (43) (44) (45) . We sorted myeloid cells from both peripheral blood and GALT from all of the eight patients and found HIV-1 DNA in myeloid cells from peripheral blood and GALT in three and four of the eight patient samples, respectively. In all of the myeloid samples where we found HIV-1 DNA, we also found the presence of TCRs. The purity of the myeloid sort from peripheral blood was 83-97%, and, therefore, we cannot rule out that the HIV-1 DNA we found in the myeloid cell lysates came from the presence of T cells. However, our results do indicate that if myeloid cells from peripheral blood and GALT are infected, the frequency is extremely low.
Latently infected T cells are clearly a key HIV-1 reservoir in patients on long-term suppressive cART. The dynamics of this reservoir and whether it is replenished by residual HIV-1 replication during suppressive cART is not fully understood. We compared the intracellular and plasma-derived viral sequences from the eight patients after several years of therapy to single-genome sequences from plasma collected before the initiation of cART to assess whether there was evidence of genetic evolution, which would support that residual viral replication contributes to the maintenance of the HIV-1 reservoir. The phylogenetic distribution of intracellular HIV-1 DNA and plasma-derived HIV-1 RNA sequences from patients after years of therapy were similar to single-genome sequences derived from plasma virus RNA isolated before the initiation of antiretroviral therapy. The similarity of the sequences isolated before initiation of therapy to the sequences isolated after several years on suppressive cART was more apparent in the patients treated during acute/early infection when the HIV-1 populations are genetically homogeneous. In samples from the three patients treated during chronic infection, the viral populations were more diverse and few sequences were identical. However, ML trees revealed that pretherapy RNA sequences and intracellular DNA sequences from cells collected after years of suppressive cART were phylogenetically similar.
When conducting compartmentalization analysis, no clear sign of structure between the pre-and on-therapy sequences was detected in the patients treated during acute/early infection except for patient 2, where we found evidence for compartmentalization in both the AI and F ST analyses. In the patients treated during chronic infection, we found evidence for compartmentalization in both of the analyses. However, the corresponding AI values indicate that the compartmentalization is low between the pre-and on-therapy sequences in these patients. These observations suggest that there are few differences between the sequences found in plasma isolated before the initiation of therapy and the sequences in cells isolated after long-term suppressive therapy, indicating that the HIV-1 reservoir during suppressive therapy is stable and not maintained by on-going replication.
To further evaluate whether on-going viral replication takes place during long-term suppressive HIV-1 therapy, we conducted two additional analyses (correlation of genetic divergence and time, and estimation of rate of evolution) to quantify the amount of viral change and evolution during suppressive cART. In all of the eight patients we found limited correlation of genetic divergence and time between the HIV-1 sequences from the pretherapy plasma samples and on-therapy cell samples, suggesting lack of substantial on-going evolution during suppressive cART. When estimating the evolutionary rate of the HIV-1 sequences between the pretherapy and on-therapy time points, we found a very low evolutionary rate between these two time points in the patients treated during both early and chronic infection. The evolutionary rates obtained from our analysis are however likely to be even lower because there was insufficient information in the sequence data to make posterior estimates diverge from the prior expectation in the Bayesian analysis. An informative but diffuse prior specification was required to be able to perform the analyses in the absence of signal for divergence accumulation.
The small sample size limits some of our ability to generalize results and there may be some patient populations or treatment contexts that would produce different results. However, based on the compartmentalization, regression, and evolutionary rate analyses, we arrive at several conclusions. First, there was evidence for genetic compartmentalization between pre-and on-therapy sequences in four (2, (6) (7) (8) of the eight patients. The AI, however, showed that the degree of compartmentalization was low. Second, no clear correlation between divergence and time was detected in any of the patient samples. Third, evolutionary rate estimates indicate an extremely low nucleotide change during the years of suppressive therapy. An important limitation in our study is that the pretherapy samples for some of the patients were collected 12-180 d before the initiation of therapy. Thus, the viral change detected in the patients could be due, at least in part, to accumulation of nucleotide substitutions during the days when the patients were not on therapy. Another limitation is that we cannot exclude the occurrence of small bursts of viral replication, which leave little genetic trace to be identified using phylogenetic analyses. Nevertheless, our findings suggest that if such viral bursts of replication occur, they make a limited contribution to the latent HIV-1 reservoir in the patient samples analyzed in this study. In addition, our methods do not distinguish whether the HIV-1 DNA under analysis is integrated, linear, or circular. As these patients have been on suppressive cART for many years, most of the HIV-1 DNA can be assumed to be in an integrated form (34) , however, we do not know if the sequences under analysis will produce a replicationcompetent virus. Moreover, Eriksson et al. have recently showed that there is little correlation between the number of HIV-1-infected cells and the amount of replication-competent virus during long-term suppressive HIV-1 therapy (46) .
The role of homeostatic proliferation of memory T-cell populations as a cause of persistence has not been well defined in humans. Previous studies have suggested that cellular proliferation of transitional memory T cells and naïve T cells also maintain the HIV-1 reservoir in patients on suppressive cART, but the evidence was indirect (14, 15) . We identified a single individual treated during chronic infection whose virus population was enriched for a single clone containing a 380-bp deletion, which essentially eliminated the protease gene. Assuming a single infection event resulted in the seeding of this virus population, the only manner by which this population would dominate would be through clonal proliferation and expansion of this infected T cell. However, due to the fact that this viral variant is defective, we cannot determine if homeostatic proliferation maintains replicationcompetent HIV-1. It is, however, tempting to speculate that the predominant plasma clones identified by Bailey et al. (27) arise from proliferating cells with replication-competent HIV-1.
In conclusion, our results from peripheral blood and GALT samples isolated from these eight patients on long-term suppressive therapy indicate that early initiation of effective therapy results in lower reservoir size in blood and GALT than later initiation of therapy. This suggests that persons who initiate therapy very early in infection may be an important group in which to test future efforts aimed at eliminating viral reservoirs. The evidence against substantial HIV-1 genetic evolution in the HIV-1-infected CD4 + T-cell populations after up to 12 y of therapy suggests that virus replication is not the major cause of viral persistence in these cell populations. The presence of clonal intracellular HIV-1 sequences indicates that HIV-1-infected memory T cells homeostatically proliferate during suppressive therapy, but whether this cellular mechanism contributes to the numbers of replication-competent HIV-1 strains is unknown.
Materials and Methods
Clinical Specimens. Paired GALT and peripheral blood samples from eight HIV-1 subtype B individuals were analyzed. The samples were obtained from individuals in the Options Cohort at the University of California, San Francisco (UCSF). The Options Cohort is an ongoing longitudinal observational cohort study of adults enrolled within 6 mo of HIV-1 antibody seroconversion and followed throughout the course of HIV-1 disease. In this study, we included five patients who had elected to begin therapy within 30 d of entering the cohort (acute/early infection, patients 1-5) and three who had chosen to begin therapy more than 1 y after infection (chronic infection, patients 6-8) ( Table 1 ). The criterion we used for selection of these patients was undetectable viremia (<40-75 copies per mL) for at least 3 y after the initiation of therapy. Informed consent was obtained from all eight patients. The study was approved by the institutional review boards at UCSF and the Karolinska Institutet.
Single-Proviral Sequencing. To quantify and genetically characterize HIV-1 viral populations in the cells isolated from peripheral blood and GALT, we used the single-proviral sequencing assay (47) . This assay has been described before, but briefly, sorted cells are lysed and serially diluted and single HIV-1 molecules are PCR amplified using primers flanking the p6-RT region. To obtain PCR products derived from single HIV-1 DNA molecules, the cellular lysate with HIV-1 DNA was serially diluted 1:3 to a maximum dilution of 1:243. PCR amplification (p6 through nucleotides 1-900 of RT) and sequencing of the DNA in each well allowed enumeration and analysis of the genetic relationship of viral DNA molecules in infected cell type. The single-proviral sequencing assay was used as previously described with minor changes described in SI Materials and Methods, Single-Proviral Sequencing.
Single-Genome Sequencing. To compare the intracellular populations identified using the single-proviral sequencing assay to HIV-1 RNA populations found in plasma collected before initiation of antiretroviral therapy, we performed singlegenome sequencing (SGS) on the plasma samples from each of the eight patients as described earlier (48) (49) (50) . To extract viral RNA from plasma collected during suppressive therapy, we used a modified version of the SGS method. This involved ultracentrifugation of at least 28 mL of plasma per patient to pellet the virus. From patients 1-3, 5, and 6 we were able to extract viral RNA from additional large plasma volume samples collected 6 mo after the cells were sorted. The viral region amplified from plasma span from p6 through RT and was the same region that was amplified from intracellular viral DNA.
Statistical Methods. We estimated the HIV-1 infection frequency in each cell type using an ML statistical analysis as described in SI Materials and Methods, Statistical Methods, building on methods described previously (47) .
Phylogenetic Analyses. Contigs of the intracellular and extracellular HIV-1 populations were generated from the raw sequencing data using an in-house computer program written in Perl scripting language (available upon request). Recombination was screened using a GARD (51) and all analyses were subsequently performed in separate for each nonrecombinant fragment (Table S2 ). For phylogenetic analysis of the HIV-1 populations, ML phylogenetic trees were constructed in phylogenetic estimation using maximum likelihood version 3.0 (52) using SeaView version 4.0 platform (53) . We used the general time-reversible (GTR) nucleotide substitution model incorporating gamma-distributed rate variation among sites and allowing a proportion of invariable sites. Our heuristic tree search strategy used the subtree pruning and regrafting and the nearest neighbor interchanges branch-swapping algorithms. Branch support was inferred using 1,000 bootstrap replicates. Evolutionary divergence was explored using root-to-tip analysis as implemented in Path-O-Gen.
Evidence for compartmentalization between pretherapy sequences from plasma and on-therapy sequences from peripheral blood and GALT was first scrutinized using the tree-based method Simmond's AI (54) . AI statistical support was obtained using 1,000 bootstrap trees and 10 random relabelings per sample (only bootstrap values above 0.95 were considered significant). In addition, we used nucleotide distance-based methods that do rely on phylogenies, which are often poorly resolved for intrahost evolution (38) . Particularly, we estimated F ST (55) . Distances were estimated using an ML approach under a GTR nucleotide substitution model, estimating all parameters independently for each branch. To obtain the significance of the statistics, 10,000 permutations were computed, with the permutation test randomly allocating sequences into GALT or peripheral blood predefined clades. The two compartmentalization tests were performed using the hypothesis testing using phylogenies package (56) . To estimate the rate of evolutionary change, we conducted a Bayesian Markov chain Monte Carlo (MCMC) analysis implemented in BEAST (39) . We used the same nucleotide substitution model settings as in the ML analysis described above. A strict molecular clock was used with a flexible Bayesian skyride tree prior (57) . To ensure convergence in case data sets did not contain sufficient temporal signal, we performed all analyses using a log-normal prior distribution with a mean of −10 and a SD of 1.5 on the evolutionary rate, which is still sufficiently diffuse to allow for higher rates in case temporal signal would be present. Each nonrecombinant fragment was allowed to have different phylogenetic trees, while sharing the same substitution and clock model. MCMC analysis was run typically for 50-150 million steps, discarding a 10% burn-in, and convergence of the chains was inspected using Tracer, Institute of Evolutionary Biology, Ashworth Laboratories (http://tree.bio.ed.ac.uk/).
